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Abstract 
The solubility of hydrogen sulphide and carbon dioxide has 
been measured at 40 and 100°C in a mixed solvent of 16.5 wt% 
(2.0 M) 2-amino-2-methyl-1-propanol (AMP), 32.2% 
tetrahydrothiophene 1,1 dioxide (sulfolane), and 51.3% 
water. The solubility of hydrogen sulphide and carbon 
dioxide was also measured in a chemical solvent of 2.0 M 
aqueous AMP and in pure sulfolane to permit an assessment of 
the influence of the physical solvent component on the 
solubility of acid gases in mixed amine solvent systems. 

At solution loadings less than 1 mol acid gas/mol AMP, 
the solubility of the acid gas was lower in the mixed 
solvent than in the corresponding aqueous AMP solvent. At 
solution loadings greater than 1 mol acid gas/mol AMP, the 
solubility of the gases in the mixed solvent surpassed the 
solubility in the corresponding aqueous system. The 
experimental results are rationalized in terms of the 
solvent effects on the chemical reaction and physical 
vapour-liquid equilibria. The solubility model of Deshmukh 
and Mather was modified to account for the solvent effects 
on the equilibria. The model predictions were in 


Satisfactory agreement with the experimental results. 
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1. INTRODUCTION 
Acid gaS impurities such as CO2 and H2S occur in significant 
quantities in the gas streams of many industrial processes. 
Natural gas purification, coal gasification, ammonia 
manufacture, and hydrogen production are examples of such 
processes. The nature of the process and the acid gas 
determine the degree to which the impurity must be removed. 
Due to the toxicity and corrosiveness of H2S and its ability 
to poison catalysts, the removal requirement for H2S is 
often severe. For a number of situations, CO, must also be 
removed to prevent catalyst poisoning and to reduce the 
quantity of COz acting as a diluent in the treated gas. 

A widely used method for acid gas removal is the 
absorption of the acidic components into a liquid. The 
flowsheet shown in Figure 1 outlines the basis of acid gas 
removal by this process. The raw gas containing the impurity 
enters the bottom of the absorption tower and 1s contacted 
countercurrently with the solvent. The treated gas exits 
from the top of the tower for further processing. The liquid 
containing the acid gas (rich solvent) is flashed to desorb 
the hydrocarbons, heated, and fed to the top of the 
regeneration column. A reboiler heated with low pressure 
steam generates vapour which contacts the liquid proceeding 
down the column. The water-saturated acid gases which have 
been stripped from solution are cooled to condense most of 
the water which is returned to the column. The acid gas is 


sent on for further treatment such as elemental sulphur 
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recovery. The solvent which has been stripped of the soluble 
gas (lean solvent) is cooled and fed to the top of the 
absorption unit. 

The solvent should have several important properties to 
be considered for use in the absorption process. The solvent 
must have a high capacity for the acid gas under absorption 
conditions but have a significantly lower capacity under 
regeneration conditions. The difference in solubility 
between the two stages establishes the circulation rate of 
the solvent which in turn influences the equipment sizes and 
heat requirements for regeneration. Reduced heat duties are 
also favored by a low heat of desorption and low solvent 
heat capacity. Furthermore, the solvent must have a low 
vapour pressure to reduce solvent losses and a low capacity 
for hydrocarbons which, if absorbed with the acid gas, may 
lead to catalyst fouling in the sulphur recovery unit. 

The solvents for acid gas removal may be categorized in 
terms of the mechanism of absorption. The most widely used 
are chemical solvents which are characterized by liquid 
phase reactions between the acid gas and a soluble base. 
Examples of chemical solvents are aqueous solutions of 
monoethanolamine (MEA), diethanolamine (DEA), and 
diglycolamine (DGA). The chemical reaction allows for a high 
solubility even at low partial pressures. The solubility, 
however, is limited by the stoichiometry of the reaction, 
and the solution can not be easily loaded once the reactant 


has been depleted. 
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A second major group of absorbents are the physical 
solvents in which absorption occurs strictly by physical 
dissolution. Examples of physical solvents for acid gas 
removal are methanol, N-methyl pyrrolidone, and propylene 
carbonate. The solubility is approximately linear with 
partial pressure. Thus, these solvents have a much lower 
Capacity for the acid gases than chemical solvents at low 
partial pressures, but as they lack the stoichiometric 
limits, may be loaded to higher levels at high partial 
pressures. Regeneration of the solvent may be accomplished 
by pressure reduction thereby reducing the energy 
requirements of the process. An important disadvantage of 
physical solvents arises from their higher capacity for 
hydrocarbons. 

A much smaller class of absorbents are the mixed 
solvents which are comprised of a chemically reactive 
component and a physical solvent with a high capacity for 
the acid gases. ' The development of mixed solvents arises 
from an attempt to combine the desirable features of 
physical and chemical solvents. The replacement of a portion 
of the water of the aqueous chemical solvent with a physical 
solvent should have two effects. The solubility should not 
be severely limited by stoichiometry and a higher solubility 
at high partial pressures should be realized. Secondly, the 
solvent should be more readily regenerated owing to the 


' Aqueous chemical solvents may be classified as mixed 
solvents. In this study, however, the term is reserved for 
mixtures containing a physical solvent that has a much 
higher capacity for the acid gases than water. 
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reduced heat of desorption and heat capacity. 

Operating details have been outlined on several 
industrially used mixed solvents. A widely used mixed 
solvent, Sulfinol, is composed of diisopropanolamine 
(chemical component), sulfolane (physical solvent), and 
water. (Dunn et al., 1964). The Amisol process (Bratzler and 
Doerges, 1974) uses a mixed solvent of MEA or DEA (chemical 
component), methanol (physical solvent), water, and an 
unspecified additive. Solubility data for these solvents 
have not been released. 

The solubility of CO, and H2S in physical and chemical 
solvents has been investigated over a wide range of 
temperatures and partial pressures. Few experimental 
studies, however, have been reported on the solubility of 
CO2z and H2S in mixed solvents. Such data are required to 
assess the feasibility of applying mixed solvents in 
processes currently using chemical or physical solvents. The 
objective of this study was to provide solubility data ona 
mixed solvent system at typical absorption and regeneration 
temperatures and over a wide range of partial pressures. The 
mixed solvent studied was composed of an amine, 
2-amino-2-methyl-1-propanol (AMP), a physical solvent, 
tetrahydrothiophene 1,1 dioxide (sulfolane), and water. 
Aqueous AMP has been recently reported to have important 
advantages over the more traditional amines. The solubility 
in an aqueous solution of AMP and in pure sulfolane was also 


measured to permit an evaluation of the influence of the 
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physical solvent component in the mixed system. 

Background information on the solubility of acid gases 
in chemical, physical, and mixed solvents is outlined in 
Chapter 2. Chapter 3 presents a description of the 
experimental procedures used to obtain the data. 
Experimental results are presented and discussed in Chapter 
4, A model used to correlate the solubility data and to 
predict solubility under different conditions is described 
and discussed in Chapter 5. Finally, the conclusions which 
may be drawn from the results of the solubility experiments 


and correlative model are summarized in Chapter 6. 
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2. GENERAL BACKGROUND 


2.1 Thermodynamics and Chemistry of Acid Gas Absorption 


Equilibria involving physical and chemical solvents may 


be represented as: 


A(g) 


lI 
A(i) + B = ions 


A(g) 


ll 
A(\) 


physical solvent chemical solvent 


For the physical solvent, only the vapour-liquid 
equilibrium for the molecular species A need be considered. 


At equilibrium, the fugacity of A in the vapour and liquid 


phases are equal: 


The fugacity of a component in the vapour is most commonly 
expressed in the form of Equation (2.2): 


fy = OH yy P (22125) 


The liquid phase fugacity may be written as: 


y (62158) 
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The Henry's constant, H, is defined as: 


H = lim fy 
Ma—>O0 ™y 


The exponential term in Equation (2.3), the Poynting 
correction factor, accounts for the effect of pressure on 
the liquid phase fugacity and may be neglected except at 
high pressures. 

Substituting Equations (2.2) and (2.3) for the fugacity 


in Equation (2.1) yields: 


Hake. fel 2 
ON Ya P == YW Ha ep Rey (22) 


If the assumptions of ideal gas and ideal solution are made, 


Equation (2.4) simplifies to: 


4 e255) 


Thus the partial pressure of A will vary approximately 
linearly with liquid molality. 

The thermodynamics of the chemical solvent system is 
more complex. As in the physical solvent, physical 
equilibrium exists between the phases for the molecular 
component. Chemical equilibrium must also be considered for 
each liquid phase reaction. The overall reaction between an 


amine and H2S may be written as: 
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H2S + RNH, = HS- + RNH;3* (2.6) 


Two Overall reactions for CO; may be written: 


RNH> me CO2 > H20 = RNH 37 =F HCO 37 (e377 ) 


CO> +4 2RNH. a= RNHCOO- + RNH;* (235.183) 


Tertiary amines do not form carbamates (RNHCOO~) and react 
with CO2 by Equation (2.7) alone. 


The chemical equilibrium for the general reaction: 


c Cc d 
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The equilibrium favors the formation of the ionic 
species. In solutions of excess amine, only a small portion 
of the acid gas absorbed is present as the molecular 
Species, and thus the partial pressure above the solution is 
low. At a loading of 1 mol/mol amine, the concentration of 
undissociated amine is low and the partial pressure rises 
rapidly as the molality of the molecular species increases. 


Beyond this stoichiometric point, only a small fraction of 
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the acid gas absorbed reacts, and the system behaves like 
the physical solvent. 

Consideration of the two reactions for CO, absorption 
indicates that the formation of a stable carbamate would 
limit the maximum loading to 0.5 mol/mol amine. Primary and 
secondary amines such as MEA and DEA do exhibit a reluctance 
to load up beyond this point, although high loadings are 
observed at high pressures. A stoichiometric limit of 1 
mol/mol amine is possible for tertiary amines such as MDEA 
which do not form carbamates. The absorption rates, however, 
for these amines are low, thus limiting their industrial 
importance. Sartori and Savage (1982) have recently reported 
on the use of a sterically hindered primary amine, 
2-amino-2-methyl-1-propanol (AMP) for absorption of CO2. By 
placing a bulky group next to the nitrogen, the carbamate is 
destabilized and the maximum stoichiometric loading may be 


realized. 


2.2 Literature Survey 

In contrast to the large number of studies on the 
solubility of acid gases in aqueous amine solutions, few 
experimental studies have been reported for mixed solvent 
systems. Furthermore, the studies which have investigated 
mixed solvents have often been restricted to a narrow 
pressure and temperature range. 

Several authors have reported on the solubility of acid 


gases in nonaqueous mixtures of amines and organic solvents. 
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Leites et al. (1972) measured the solubility of CO, at 20°C 
and partial pressures less than 100 kPa in solutions of MEA 
(2.5 M) and various organic solvents. All mixed solvents 
examined exhibited a lower capacity for CO, than the 
corresponding 2.5 M aqueous solution of MEA. Of the systems 
examined, the MEA-methanol mixture yielded the highest 
capacity for CO,. This reduced capacity of the Renee eae 
mixed solvent at low partial pressures was later confirmed 
by Rivas (1978) who measured acid gas solubility in 
nonaqueous mixtures of sulfolane, propylene carbonate, and 
N-methyl pyrrolidone with MEA and DGA. 

At higher partial pressures, the solubility in the 
nonaqueous mixed solvent has been observed to be greater 
than the corresponding aqueous system. Banasiak (1981) 
measured the solubility of COz in 15 wt % MEA and 85% 
methanol at 30°C and partial pressures from 225 kPa to 325 
kPa. Under these conditions, the solubility in the mixed 
solvent iS approximately 25% higher than in an aqueous 
solution of 15% MEA. 

Several investigations on three component solutions 
consisting of an amine, a physical solvent, and water have 
also been reported. Woertz (1972) presented results for a 
series of mixtures at 27°C and partial pressures from 425 to 
670 kPa. The amines examined, MEA, DEA, and DIPA, were held 
at "a fconstant concent rationerotl (hsS5)MeThesolubi lity of Co, 
in blends of MEA, water (3-10% by volume), and either 


dimethyl formamide, methyl pyrrolidone, or diethylene glycol 
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was greater than in the corresponding aqueous solutions. 
Mixtures with other physical solvents such as sulfolane, 
dimethyl ethers of diethylene and triethylene glycol, and 
methyl carbitol exhibited a lower capacity for CO,z. This 
reduced solubility in the mixed solvent was even more 
apparent for DIPA. No explanation for this decreased 
solubility was proposed. 

The solubility of COz in mixtures of MEA, sulfolane, 
and water at 30°C and partial pressures less than 100 kPa 
was measured by Yushko et al. (1973). The MEA concentration 
waS maintained at 2.5 M while the sulfolane content varied 
from 0 to 84 wt %. The solubility of CO, decreased as the 
Sulfolane content of the solvent increased. This trend at 
low pressures was also observed by Dimov et al. (1976) for 
mixtures of MEA, water, and ethylene glycol or N-methyl 
py rroladone. 

The solubility of CO, and H2S at 40 and 100°C ina 
Sulfinol solution (40 wt. % DIPA, 40% sulfolane, and 20% 
water) was measured by Isaacs et al. (1977) at partial 
pressures from 2.4 to 5700 kPa. Solubility data for an 
aqueous solution of DIPA with the same concentration were 
not reported, and therefore, the influence of the solvent 
could not be accurately assessed. 

Several generalizations on the solubility of acid gases 
in mixed solvents may be drawn from this survey. At low 
partial pressures (less than 100 kPa), the replacement of 


some or all of the water by a physical solvent appears to 
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reduce the solubility of the acid gases. This reduction 
increases as the water content decreases. At higher 
pressures, certain physical solvents, such as methanol, 
enhance the capacity for COz or H2S. Data on the solubility 
in mixed and corresponding aqueous solvents over a wide 


range of pressures are lacking. 
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3. EXPERIMENTAL PROCEDURES 


3.1 Survey of Experimental Methods 

The solubility of CO2z and H2S in amine solutions has 
been determined experimentally by numerous methods. These 
methods generally involve contacting the acid gas with the 
liquid at constant temperature until equilibrium has been 
reached, at which point the vapour and liquid phases are 
analyzed. The experimental methods differ in the manner in 
which the phases are contacted and in the analytical method 
employed. The choice of experimental method is often 
determined by the range of acid gas partial pressure for 
which the solubility data are desired. 

The solubility in aqueous amine solutions for a wide 
range of acid gas partial pressure may be determined by 
bringing the vapour and liquid phases to equilibrium in a 
static equilibrium cell. The cells are fitted with liquid 
and vapour sample lines, and the cell pressure is 
continuously monitored. Equilibrium is indicated when a 
constant cell pressure is observed. 

A rocking autoclave cell contained in a liquid constant 
temperature bath was used by Jones et al. (1959) and Lawson 
and Garst (1976) in their determination of the solubility of 
acid gases in MEA and DEA. Reed and Wood (1941) used a 
Stirred autoclave to saturate MEA and DEA solutions with 
CO,. The large internal volume of these cells allows for 


large fluid samples to be taken and hence permits 
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determination of the solubility at very low partial 
pressures. An equilibrium cell comprised of a stainless 
steel cylinder fitted with a magnetic stirrer was used by 
Lee et al. (1972). 

A disadvantage of the these cells arises from the 
inability to visually observe the fluid phases and to detect 
liquid phase immiscibility. An improvement in the design of 
the apparatus was outlined by Lee et al. (1973) who used a 
visual equilibrium cell consisting of a Jerguson gauge 
connected to a 250 cm* vapour reservoir. A magnetic pump was 
used to recirculate the vapour from the gas reservoir back 
through the liquid in the cell. This apparatus was judged to 
be most suitable for the purposes of this study. Other 
experimental equipment reported in the literature, such as 
the gas flow apparatus described by Nasir and Mather (1977), 
are unsuitable for this study as they are limited to 
pressures lower than 100 kPa. 

The selection of the analytical method may now be 
considered. Lawson and Garst and Jones et al. analyzed the 
vapour phase, which had been sampled into an evacuated bomb, 
by mass spectrometry. Lee et al. (1972) sampled the vapour 
phase directly into the sample loop of a gas chromatograph. 
This method of analysis was adopted in this study. In both 
methods, the results are reported in mole percent on a 
water-free basis; thus an estimate of the water partial 


pressure over the amine/water solution is required. 
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Several analytical methods for the determination of the 
acid gas concentration in the liquid phase have been 
outlined. The most common method of analysis for CO; is to 
acidify the liquid sample and measure the amount of CO; 
which is evolved. Reed and Wood and Lee et al. (1972) 
measured the amount evolved by accurately determining the 
vapour volume and from PVT data, calculating the equivalent 
Massuot (On. Mason and Dodge (1936), Jones et al., and 
Lawson and Garst adsorbed the CO,z onto a selective 
adsorbent. The mass of CO, evolved was determined by 
rewelghing the adsorbent material. 

A more direct method of analysis for CO2z, deScribed by 
Jou et al. (1982), was selected for this study. The liquid 
Sample was withdrawn from the cell and injected into an 
excess of sodium hydroxide solution. The amount of carbonate 
in the sample was determined by adding a solution of BaCl, 


and precipitating the carbonate as BaCO;: 
Ba 2+ COs 72 = BaCO3 C3eal)) 


The precipitate was analyzed by titrating with standard 


acid: 
BaCOcatech wax GO>.+.Ba*?.+.,H20 3502) 


Hydrogen sulphide has been most commonly analyzed by 


iodimetric techniques. An aliquot sample is added to an 
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acidified solution of excess iodine. The reaction may be 


represented as: 


Teeth Hs So sae S + 31- + 2H* Cen 


The unreacted iodine is determined by titrating with 


thiosulphate: 


By knowing the amount of iodine which reacts, the amount of 


Sulphide in the sample may be calculated. 


3.2 Description of Experimental Apparatus 

The equipment permitted solubility measurements to be 
taken at acid gas partial pressures from 1 to 7000 kPa and 
temperatures from 25 to 130°C. A schematic diagram of the 
apparatus is shown in Figure 2. The liquid and vapour phases 
were brought to equilibrium in a windowed Jerguson cell. The 
cell had an internal volume of approximately 75 cm*® and a 
maximum pressure rating of 7000 kPa at 40°C. Pyrex windows 
were sealed to the metal surface by asbestos gaskets. A 250 
cm*? cylindrical reservoir was attached to the top of the 
cell to increase the mass of vapour in equilibrium with the 
solvent. 

The vapour from the reservoir was recirculated through 


the solvent by a magnetically driven pump devised by Ruska 
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et al. (1970). A-free piston, fitted with a check valve and 
fluid passages, moved up and down within the cylinder 
through the action of a magnetic sleeve. The sleeve was 
driven by a 0.25 hp Boston Gear motor through a connecting 
rod. The pump discharged on the upstroke of the piston 
transporting the vapour from the reservoir to the bottom of 
the equilibrium cell. The pump was connected to the 
reservoir and equilibrium cell by 1/8 in (3.18 mm) OD type 
316 stainless steel tubing. 

With the exception of the pump piston, all materials in 
contact with the fluid were manufactured from type 316 
Stainless steel. The piston was made from Carpenter 450 
steel as it must be ferromagnetic. The cell and pump were 
housed in a 0.4 m*® air bath maintained at +0.1°C of the 
setpoint temperature by a Thermo Electric temperature 
controller. The heater was comprised of a series of 
electrically heated fins which allowed for measurements to 
be obtained to 130°C. The air bath was also provided with a 
Copper "coOolino coi! through’ whrehecold water circulated thus 
permitting solubility measurements to 25°C. The air within 
the bath was mixed by a blade fan. 

The temperature of the fluid within the cell was 
monitored by a calibrated iron-constantan thermocouple which 
extended through the cell into the fluid. The thermocouple 
was calibrated against a Leeds and Northrup platinum 
resistance thermometer in the temperature range of interest. 


A Leeds and Northrup potentiometer was used to measure the 
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thermocouple output. 

High cell fluid pressure was measured by a 0 to 10 000 
kPa digital Heise gauge. At low pressures, a 0 to 1 000 kPa 
digital Heise gauge was used. The accuracy of both gauges 
was rated at +0.1% of the full scale span and was checked 
with a Ruska 2400 HL dead weight tester. The gauges were 
connected to the Jerguson cell by 1/8 in (3.18 mm) OD 
Stainless steel tubing. 

The gas and liquid sample lines were stainless steel 
tubes of 1/16 in (1.59 mm) OD. The gas sample line extended 
from the reservoir to a valve external to the air bath. A 
tube extended from the outlet of the valve to the sample 
loop of the gas chromatograph. The liquid sample line led 
from a port 5 cm from the base of the cell to a needle valve 
located outside of the air bath. 

Due to its extreme toxicity, H2S must not be vented 
directly to the atmosphere. An absorption train comprised of 
two 2 litre glass vessels containing 6 M sodium hydroxide 
removed the H2S from the gas which had been released from 
the apparatus. The effluent from the absorption train was 


vented to a fume hood. 


3.3 Experimental Procedure 


3.3.1 Establishment of equilibrium 


The apparatus was brought to the desired temperature 


and purged for i hour to remove traces of oxygen. 
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Approximately 50 cm* of the solvent was fed by gravity to 
the equilibrium cell. CO2 or H2S was added to the cell 
through the gas inlet valve to an amount monitored by the 
pressure gauge. The valve was closed and the pump started. 
As the vapour recirculated through the solvent, the acid gas 
was absorbed into the solvent and the system pressure 
decreased aS equilibrium was approached. Additional amounts 
of acid gas were added until the desired partial pressure 
had been approximately obtained. If necessary, nitrogen was 
added to maintain the system pressure above 350 kPa. 

The vapour was recirculated until the pressure remained 
constant for several hours thus indicating the establishment 
of equilibrium. The period of time necessary to reach 
equilibrium decreased with an increase in penperagtre and 
solution loading. The equilibration time was also greater 
for absorption in the systems containing the amine than in 
pure sulfolane. 

Equilibrium may be approached by adding acid gas to an 
undersaturated solution, as described above, or by desorbing 
the gas from a supersaturated solution by pressure 
reduction. Solubility measurements were obtained by both 
methods for all cases except the mixed and aqueous AMP 
solutions at 100°C. In these cases, gas was not released so 
as to prevent water loss from the solution. 

When equilibrium had been reached, the pump was stopped 
and the cell pressure and temperature and barometric 


pressure recorded. The vapour and liquid phases were then 
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analyzed. 


3.3.2 Vapour phase analysis 
The analysis was carried out using a model 5710A 
Hewlett Packard gas chromatograph. The operating conditions 


Weer 


column temperature: 95 °C (COz analysis) 
110 °C (H2S analysis) 


detector temperature: 150 °C 


sample loop volume: Ob Oyen 

column dimensions: NOM Ets Omimn) skola: in’ (6.35e mm) "OD 
column packing: 80-100 mesh Chromosorb 104 

detector current: 100-140 mA 

Carrier gas flow: 30 cm?/min He 


The gas sample line and sample loop were initially 
flushed by releasing a small portion of the equilibrium 
vapour. The cell pressure generally dropped 5 to 10 kPa 
during this step. An eight port Valco gas sampling valve was 
then used to inject the sample loop contents into the 
chromatograph column. The relative amounts of the separated 
gases were measured using a thermal conductivity detector. 
The response from the detector was transmitted to a model 


3380A Hewlett Packard integrator and the results reported in 
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terms of percent peak area. 

Response factors were determined from the analysis of 
gas mixtures of CO, and H2S with nitrogen. Details on the 
calculation of the response factors are outlined in Appendix 
1. Using the values for the response factor and area 
percentage, the mole percentage of the acid gas ona 
water-free basis was determined. 

The partial pressure of the water over the aqueous and 
mixed AMP solutions was calculated by assuming Raoult's law 


for the vapour-liquid equilibrium: 


p> ie 75) 


A sample calculation of the determination of the acid 
gas partial pressure from measured quantities is shown in 


Appendix 2. 


3.3.3 Liquid phase analysis 

The liquid sample was withdrawn from the equilibrium 
cell into a vessel containing a solution of 1 M sodium 
hydroxide, thus converting the free CO, and H2S to the 
involatile ionic species. At high loadings of CO2, the 
reaction rate was not great enough to prevent a pressure 
buildup above the caustic solution. Thus, a 40 cm® high 
pressure sample bomb containing the sodium hydroxide was 
used for the sampling of solutions containing CO2z at partial 


pressures over 1000 kPa. The liquid sample valve was 
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connected to a tube which extended through the fitting in 
the stem to a point near the bottom of the cylinder. A 50 
cm* Erlenmeyer flask fitted with a rubber septum served as a 
collection vessel for the sampling of CO, at partial 
pressures less than 1000 kPa and for the sampling of 
solutions containing H2S. 

The collection vessel was weighed to the nearest 0.1 mg 
on an analytical balance. Approximately 35 cm* of 1 M sodium 
hydroxide was added to the vessel and the vessel reweighed. 
About two cm? of the equilibrium liquid was withdrawn from 
the cell and flushed through the sample lines. The end of 
the sample line was then pushed through the rubber septum 
into the caustic solution in the flask, or for the cases 
noted previously, the line was attached to the high pressure 
sample bomb. As the collection vessel was agitated, the 
needle valve was opened slightly and the liquid sample 
allowed to flow into the caustic solution. The volume of the 
liquid sample taken depended upon the loading in the 
solution and ranged from 2 to 8 cm*. The vessel was 
reweighed to obtain the mass of sample collected. The 
contents of the vessel were transferred quantitatively to a 
100 cm? volumetric flask and diluted to the fiducial mark. 
Aliquot samples from 5 to 25 cm* were used for the 
determination of the carbonate or sulphide concentrations. 
H2S analysis 
Tota  -2508cme Plaskiwere addéd +5 2bo°+em? of 5 N&HssOry 50 


cm? of distilled water, and a pipetted volume of 0.100 N 
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iodine. Typically, 20 to 25 cm® of iodine were used. An 
aliquot sample of the basic sulphide solution was added with 
stirring to the iodine solution. The tip of the pipette was 
placed directly into the iodine solution to prevent the loss 
of H2S. The volume of the aliquot sample was chosen such 
that the iodine would be present in excess. The solution was 
then titrated with standard 0.100 N sodium thiosulphate 
until the solution had turned pale yellow. Several drops of 
CS2 and starch indicator were added. At this point, the CS, 
phase in the solution was pink and the bulk of the solution 
was blue due to the presence of unreacted iodine. The 
titration wasS continued with vigorous stirring until the 
blue and pink colors had disappeared. 

A sample calculation of the determination of H2S in the 
liquid is outlined in Appendix 2. 
CO, analysis 

An aliquot sample was pipetted into a 250 cm? 
Erlenmeyer flask. Approximately 50 cm*® of 1M BaCl2 was 
added and the flask stoppered and allowed to stand for at 
least 12 hours. The barium carbonate precipitate was 
filtered using #6 Whatman paper and a 75 mm glass funnel. 
During the filtration, the funnel was covered with a glass 
watchglass to prevent CO2 absorption from the atmosphere 
into the solution. The precipitate was washed with distilled 
water until the pH of the filtrate was approximately 5.9 as 
indicated by Duotest pH paper. Generally, this required 250 


to 300 cm* of water. The precipitate and filter paper were 
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transferred to a 250 cm* Erlenmeyer flask containing 50 cm? 
of distilled water. The filter paper was shredded with a 
magnetic stirring bar. Five drops of methyl orange-xylene 
cyanol indicator were added and the suspension titrated with 
standard 0.100 N HCl to a grey green endpoint. 

A sample calculation of the determination of CO2z in a 
liquid sample is outlined in Appendix 2. 
Amine analysis 
A 20 cm*® aliquot sample of the amine solution was pipetted 
into a 250 cm* Erlenmeyer flask. Several drops of methyl red 
indicator and 100 cm® of water were added. The solution was 
titrated with standard 1.00 N HCl to a light pink endpoint. 


The amine concentrations are reported at 23°C. 


3.3.4 Materials 

The aqueous amine solutions were prepared from 
distilled water and practical grade AMP (98% purity) 
Supplied by Matheson, Coleman, and Bell. The sulfolane, 
supplied by Aldrich, had a purity of 99%. Both chemicals 
were used without purification. 

The 1 M sodium hydroxide solution was prepared from 
reagent grade sodium hydroxide and degassed distilled water. 
The carbonate content was determined to be 2.0 X 10°* moles 
carbonate per gram of solution. Certified standard solutions 
of hydrochloric acid, sodium thiosulphate, and iodine were 
used in the titrations. The barium solution was prepared 


from commercially purified barium chloride and distilled 
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water. The solution was filtered prior to use. 
The Nz, COz, and H:S gases were supplied by Matheson 


and Nadi puratiesmotuloe 99%, 99.9%, and 99.5% respectively. 
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4, EXPERIMENTAL RESULTS AND DISCUSSION 


4.1 Preliminary Results 

The equilibrium solubility of CO2, in 3.0 M aqueous AMP 
solution was meaSured at 40°C to provide a comparison with 
the values obtained by Sartori and Savage. The data, 
expressed in terms of moles COz per mole AMP (a) at a 
specified partial pressure (kPa), are shown in Table 1 and 
plotted in Figure 3. The results are in good agreement with 


the previous study. 


Table 1. 


Solubility of COz in 3.0 M Aqueous AMP at 40°C 


a (mol CO, / mol AMP) P (kPa) 
0.404 ldeve. 3 
0.564 2.79 
0.604 3.54 
OeiZeo 26 
0.769 19.0 
OR S86 1526 
0 Sane 22) 
Ove stels 36.6 
0.919 99.5 
0.948 144, 
0.960 359. 
OSSoaZ2 210% 


Complex phase behaviour was observed during the 
preliminary study of the solubility of COz in mixed AMP 
solutions. A white solid phase formed in solutions of high 
Sulfolane or AMP concentrations. Several solutions with 


varying amounts of AMP and sulfolane were tested for this 
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Figure 3 Solubility of CO, in 3.0 M aqueous AMP at 40°C 
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30 
formation at 40°C and a partial pressure of 5500 kPa. The 


results are shown in Table 2. 


Table 2. 


Solid Formation in Mixed Solvent at 40°C and 5500 kPa 


AMP weight % weight % phases observed 
molarity AMP sulfolane 

Hea50 iG Sots: solid/liquid 
135.0 223 19.9 liquid 

0 A: 43.9 Prout 

14.55 fue 49.0 solid/liguid 
200 1 Paneste) ean, liquid 

2206 LerQ) Shas F op te WAlshie {i hve! 
Ze 5 18.8 eFe2 ibaa gewle! 

Peasy) A a | Sih 4 Solna Liquid 
32.00 24.4 oypeate! solid/liquid 
3700) 25.4 24.8 solid/liquid 


Heating the solution to 70°C caused the solid phase to 
disappear. The solid was relatively stable and could be 
removed from the equilibrium cell and kept at room 
conditions for several minutes. The solid phase was soluble 
in water and addition of aqueous BaCl,z to this solution 
yielded a precipitate indicating the presence of carbonate. 
Titration of the filtrate with HCl indicated the presence of 
AMP. The solid phase was only slightly soluble in sulfolane. 

These observations may be explained by considering the 
solid to be an amine carbonate salt. The salt is soluble in 
aqueous systems but is less soluble as the sulfolane is 
added. From this it follows that the possibility of solid 
formation would increase as the concentration of the amine 


or COz loading increases and the water content decreases. 
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This 1S in accordance with the experimental observations. 
Based upon these preliminary results, a mixed solution 
Of 16.5:wt % AMP (2.0eM)y "822% sul folane and 51.3% water 


was selected for the solubility study. 


4.2 Experimental Results 

The eGo Baten solubility of CO, and H:S was measured 
in the mixed solvent, in a 2.0 M aqueous AMP solution, and 
in sulfolane at 40 and 100°C. The solubility of H2S in the 
mixed solvent at 40°C could be determined only to 
approximately 1600 kPa. A second liquid phase formed at 
higher H2S partial pressures. The results for the mixed and 
aqueous solvents are expressed in terms of moles acid gas 
absorbed per mole AMP (a). The results for the solubility in 
Sulfolane are expressed in mole fraction acid gas in the 
irquras The datatare™ shown™iny rabres™ 3 ton 8 

As the mixed and aqueous solvent have the same 
concentration of AMP, the influence of the physical solvent 
can be assessed by a direct comparison of the solubility 
curves which are shown in Figures 4 and 5. The solubility of 
CO, and H2S at 40°C is significantly lower in the mixed 
solvent than in the aqueous solvent at acid gas partial 
pressures less than 10 kPa. As the partial pressure 
increases, the difference in the solubility decreases until 
at a loading of approximately 1 mol/mol AMP, the 
solubilities are essentially identical. At higher partial 


pressures, the solubility is greater in the mixed solvent. 
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Table 3 


Solubility? of COp? at» 40’ °C. and» 100° °C in 


2.0 M Aqueous AMP 
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40 °C 


Table 4 
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Solubmlyey, of CO; at. 40° °C and 100 °C «in 
2.0 M Mixed Solvent 


40 °C 


P (kPa) 


2.035 
Deo4 
9.14 
28.4 
oo 
17 56 
478. 
3947 
926% 
942. 
1150. 
1830. 
2100. 
2500% 
2660. 
33905 
36 10% 
4050. 
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4730. 
6110. 
5630. 
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Table 5 


Solubility of H2S at 40 °C and 100 °C in 
2.0 M Aqueous AMP 


£0.--C 1000°-C 

a P (kPa) a P (kPa) 
ono 2.69 0.140 eo 
0.630 2593 09203 Sirol 
0.726 5246 OaZ56 9.40 
0,793 Oo 0.400 Pee, 
0.794 8.82 0.2506 Se lead 
0.834 135.1 02529 ay lhake 
0.904 B03 02/50 148. 
0.970 68.8 0.786 187. 
1 S0i2h1 t78. 0.979 466. 
1.09 380. Peel se) 947. 
1 S75 566. 1.278 1580. 
EeZoo vo7 . 1.405 2030 . 
1.441 280. 
1.495 1470. 
1 emt 2160. 

Table 6 
Solubility Of HoSuate40| -C: and. 100 °C in 
2.0 M Mixed Solvent 
405 AC TOO Mme 

a P (kPa) a P (kPa) 
0.488 2.45 0.0979 4.54 
OT Sa P| 706 OxeI 2a) G21 
0.660 TALS) 0 2:18 T6072 
0.831 22. | OTe 5) BH 1 
0.896 Sheley es) 0 45/331 HERO 
0.941 ibis! 0.694 229. 
0.985 92)..0 0.946 Bit5 . 
152 180. 1.092 809. 
1 e162 346. 1.254 1200). 
129325 S65: its 2.6 4500; 
1.474 Seder 1.636 2200% 
1.696 1120: 
PSS aie 1390. 
P45) pot LG 
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Table 7 
Solubility, of) CO. at 40 me and 100; °C in 
Sulfolane 
405-C Olt Ae 
x P (kPa) x P (kPa) 
0.00971 405i 0.0104 249. 
0.00985 OS O20 721 444, 
Onn 77 185. 0.0298 oP A 
0.0261 278. 0.0574 1520. 
0.0329 Swat BA 0.0867 Za00r, 
0.0966 1080. 0.160 4690. 
0.136 1610. OTS? 5900. 
0.2418 253807 
0.268 3520. 
0.330 4140. 
0.420 5580. 
Table 8 
Solubility of H2S at 40 °C and 100 °C in 
Sulfolane 
40a G 1003 °C 
x P (kPa) x P (kPa) 
0.0451 123° 020527 348. 
0.108 Zoi 0.0974 T 205 
0.198 519. 0.142 1040. 
On293 4 jk ol Sa 0.183 1257-03 
0.368 981. 0.219 53.0% 
0.453 1240. 0.309 Sage loy Oe 
0.549 1600. 
Oho 2090. 
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Figure 4 Solubility of CO, in mixed and aqueous AMP. 
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Figure S Solubility of HS in mixed and aqueous AMP. 
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The difference in solubility is more pronounced for H2S than 
CO2. 

At 100°C the solubility of CO, and H2S is similarly 
lower in the mixed solvent at low partial pressures. Higher 
partial pressures and liquid loading, however, are required 
at 100°C to attain the point at which the solubilities in 
the two solvents are equal. 

The data for the solubility of CO, and H2S in sulfolane 
at 40 and 100°C are plotted in Figures 6 and 7. The 
relationship between partial pressure and mole fraction is 
linear at dilute concentrations and becomes nonlinear at 
higher liquid concentrations. Henry's constants for each 
system were calculated by linear regression analysis of the 
variation of vapour fugacity with mole fraction. The values 
are compared with those reported by Rivas (in parentheses) 


in Table 9. 


Table 9 
Henry's Constants for COz and H2S in Sulfolane 
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Figure6 Solubility of CO, in sulfolane. 
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Figure7 Solubility of H,S in sulfolane. 
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4.3 Accuracy of Data 

The measured quantities which influence the accuracy of 
the data are the acid gas content of the liquid sample, the 
amine solution concentration and density, the vapour phase 
mole fraction, and the total system pressure. The 
uncertainty in each of these quantities may in turn be 
affected by other meaSurements. For example, the uncertainty 
in the vapour phase composition is influenced by the 
accuracy of the response factor measurement. The overall 
error was eStimated from the: individual uncertainties by a 


Taylor series expansion: 


AX = (=) AY, (4.1) 
0 Y; 
Details of the error analysis are outlined in Appendix 4. 
The error in the solution loading is estimated at + 2 
to 3% in the-range studied. This error arises principally 
from the determination of the acid gas and amine content of 
the liquid sample. The uncertainty in the partial pressure 
decreases as the pressure increases and ranges from +11% at 
5 kPa to +0.4% at 6 000 kPa. At low pressure, the error in 
the vapour phase analysis is the most important factor. At 
higher pressures, the sensitive meaSurement becomes that of 


the total pressure. 
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4.4 Discussion of Experimental Results 

The replacement of water with sulfolane has two 
opposing influences on the solubility behaviour. At high 
partial pressures, the presence of the physical solvent 
increases the capacity for the acid gases. At low pressure, 
the effect is reversed, and the solubility in the mixed 
solvent is reduced by the physical solvent component. A 
rationalization of these results may be best accomplished by 
focussing on each influence separately. 

As noted previously, aS a approaches 1 mol/mol AMP, the 
free amine concentration decreases rapidly, and the 
proportion of acid gas in the molecular form increases. This 
increase in the molecular concentration is reflected in the 
rise in Sareden pressure of the acid gas over the solution. 
As the solution is further loaded, the absorption becomes 
Similar to that of strictly physical solvents. From Equation 
(264) 0a plot otvvapour fugacity versus liquid molality 
should be approximately linear. A plot of this type, shown 
in Figure 8, is based on the data for the solubility of H2S 
in mixed and aqueous solvents. The molality has been 
estimated by assuming that all the H2S less than 1 mol/mol 
AMP exists as the ionic species, and that the H2S absorbed 
beyond this point does not dissociate. A linear relationship 
is observed and the slope of these lines may be considered 
to be approximate values for the Henry's constant in the 
solvent. As anticipated, the physical solubility in the 


mixed solvent is greater than the corresponding aqueous 
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Figure8 Physical solubility of HS in mixed and aqueous AMP. 
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solvent. 

Given the higher physical solubility for the mixed 
solvent, an opposing influence of the sulfolane component 
must be in effect at lower loadings. Under these conditions, 
the solvent contains, at a set liquid loading, a higher 
proportion of the molecular form. Thus, the replacement of a 
portion of the water has altered the chemical equilibria 
between the reacting species in the liquid. 

Solvent effects on ionic processes have recently been 
reviewed by Sen et al. (1982) who rationalized these effects 
using the Born electrostatic model. According to this model, 
the pKa varies inversely with the dielectric constant of the 
solvent. The dielectric constants of pure sulfolane and 
water at 40°C are 42.1 and 73.1 respectively. Therefore, as 
the dielectric constant of the mixed solvent is lower than 
the aqueous solvent, the dissociation of COz and H2S is 


reduced. 
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5. CORRELATION OF EXPERIMENTAL DATA 
A numerical model for correlating the solubility data for 
the aqueous and mixed solvents has several applications. A 
model provides a means to interpolate between experimental 
points within the solubility range studied and to 
extrapolate beyond this range where data are not available. 
A model which A ees predicts the experimental results 
may be suitable to estimate the solubility at other 
temperatures, or amine concentrations, or to predict the 
Solubility of mixtures of CO2, and H2S. A numerical model 
with these capabilities is a necessary component of computer 
Simulation programs for amine treating units (Tomcej et al., 


1983)A 


5.1 Survey of Models 

The equations which must be solved to calculate the 
vapour and liquid compositions are outlined in Appendix 5. 
The equations describe the physical vapour-liquid equilibria 
for the volatile molecular components, the chemical 
equilibria between the reacting species, and the 
stoichiometric relationships between the liquid phase 
components. A rigourous solution requires a knowledge of the 
chemical equilibrium constants, the Henry's constants, and a 
method to determine the vapour phase fugacity coefficients 
and the liquid phase activity coefficients. 

The models which have been proposed for the acid gas/ 


amine system and the analogous NH3;-CO2-H2S-H20 system 
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generally differ in the treatment of the vapour and liquid 
nonidealities. Van Krevelen et al. (1949) assumed an ideal 
solution in the liquid phase and ideal gas in the vapour 
phase to simplify the set of equations. Empirical 
expressions for the equilibrium constants as a function of 
temperature and ionic strength were used. Kent and Eisenberg 
(1975) also neglected liquid and vapour nonidealities in 
their correlation of the solubility of acid gases in aqueous 
amines. The equilibrium constants for the dissociation of 
the amine and for the carbamate formation were treated as 
adjustable parameters and determined by a best fit of the 
experimental data. 

A method for introducing activity coefficients was 
first proposed by Atwood et al. (1957) and generalized by 
Klyamer et al. (1973). Activity coefficients of the ionic 
species were assumed to be equal and functions only of ionic 
Strength. The relationship between the activity coefficient 
and the ionic strength was obtained by fitting the data for 
the H2S - amine - water system. The model sets the activity 
coefficient of free H2S and CO2 to unity and neglects 
nonidealities in the gas phase. 

Edwards et al. (1975) proposed a more accurate 
representation of the liquid phase nonidealities in the 
development of a model for the NH3;-H2S-CO2-H20 system. The 
activity coefficient of the liquid phase species is given by 


a form of the extended Debye-Huckel law: 
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The first term accounts for the electrostatic forces as 
derived from the Debye-Htckel theory. The second term 
expresses the short range (Van der Waals) interactions 
between the solute species and incorporates an empirical 
interaction coefficient, 8B. 

This approach was applied by Deshmukh and Mather (1981) 
for a correlation of the solubility of acid gases in aqueous 
amine solutions. Coefficients for the interaction between 
dominant species were estimated by a best fit of the 
experimental data and were assumed to be independent of 
composition or temperature. Vapour phase fugacity 
coefficients were estimated by an equation derived from the 
Peng-Robinson equation of state. 

More accurate expressions for the activity coefficients 
have been recently proposed and attempt to account for the 
interactions between the liquid phase species. Edwards et 
al. (1978) used a form of an equation derived by Pitzer 
(1973) to account for binary interactions of all types: 
ion-ion, molecule-molecule, and ion-molecule. Beutier and 
Renon (1978) used the Pitzer equation to determine the 
contribution to the excess Gibbs free energy arising from 


ion-ion interactions. Molecule-molecule interactions are 


o yee) +6 .ovepsta wee Sea einen if nd 2 
‘+S BHOOSB 4 Cet ‘Aeaguh ay ee sieht nos ts 9 v: 
wnave P oe Daas. sree ede Pea Hs I 
“* ie PWR a oti Bre @alasde erutos aes nee 
; \ 
“i ,Seepe> seca aot JORTe nM 
diem Bes duumfeat-wit 688.lea  \ 28S PATS ‘pits — 
ae00 62538 .dufoR e447 14 oe 
ne 
1 . trol tutoa oni 
Gites +e fe! Oke ggg 
ov ie sdab Lsdnam2aseykt 
tg 1 29 Gages Ge nok sheoqme 
fay rte ao} 2 eo > we Be ial > syew e tte st 
Seup® One Gonrs 
siyes sm re Lyd an? Aoi ces ina |.a3 sivsgs ates : 7 


1-$nuenes ¢2 tomtte bot Besogere yitnesen abed eee 
‘ 7 a 
AVES sesinoge ensiy Slopii sila neaveed anos spate ae 
5 , f 
ie wick «¢ Seow (ETOP) cg 
> fig. i gaoitonresr? Yseeid 26%. Seuoone oe T 
oo A's Ww 
& .sluosioe’noi baa ,eluvetan<~algostow.qaa lm 
oii snimieteh oy AefSeune tesoiS eto Heeyw (89004 
mowt pntaisa yprsas ses) aceie eseuke edge nohaudts 


a oy 
ate wioisseisint shisereasntvciion eels 


1 
_ 7 
} 


47 


described by a Margules type expression while molecule-ion 
forces are eStimated from equations based upon the 
Debye-McAulay theory. Chen et al. (1979) applied an 
expression Similar in form to that derived by Pitzer to 
account for the influence of molecular solutes in solution. 

The accuracy, range of application, and ease of use 
differ widely among the models described above. Owing to 
their neglect of vapour phase fugacity coefficients and 
their simple treatment of the liquid nonidealities, the Kent 
and Eisenberg and Klyamer et al. models are restricted to 
solution loading less than 0.7 mol/mol amine. The models of 
Edwards et al. (1975) and Deshmukh and Mather provide a more 
accurate representation of the thermodynamics, but become 
more difficult to use as they require the estimation of 
binary interaction parameters. The incorporation of more 
complex expressions for the activity coefficients (Edwards 
et al., 1978, Beutier and Renon, Chen et al.) increases the 
accuracy further, but requires the estimation of even more 
parameters. 

The correlation of the solubilty of CO2 and H2S in 
mixed and aqueous AMP solutions was based on the model 
developed by Deshmukh and Mather. The modifications to the 
model and the results of the correlation are outlined in the 


following sections. 
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5.2 Correlation of Acid Gas Solubility in Aqueous AMP 

The model as originally developed by Deshmukh and 
Mather has been sucessfully applied to aqueous solutions of 
MEA, DEA, and DIPA at amine concentrations to 5 M and 
temperatures to 100°C. Two major modifications were required 
to apply the model to the aqueous AMP system. The chemical 
equilibrium expression for the formation of the carbamate 
species was deleted from the set of equations. As noted 
previously, this reaction is destabilized by the presence of 
the bulky substituent group (Sartori and Savage, 1983). A 
second modification to the original method is required to 
specify the dissociation constant for AMP. In the original 
model, the values for the chemical equilibrium constants and 
Henry's constants were obtained from the literature. The 
dissociation constant for AMP, however, is not well known 
over the temperature range of interest. Instead, the 
dissociation constant in the aqueous system at 40 and 100°C 
was estimated from the experimental solubility at the lowest 
loading examined where the liquid nonidealities would be a 
minimum. The equations were solved for the dissociation 
constant with the interaction coefficients set to 0. The 
estimated pKa values were 9.46 and 7.97 at 40 and 100°C. 

A computer program was used to determine the 
interaction coefficients which minimized the sum of the 
Squared deviations between the experimental and predicted 
partial pressures at solution loadings less than 1 mol/mol 


AMP. Adjustment of the interaction parameters did not 
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influence the predictions above a loading of 1 mol/mol AMP. 
As in the original model, only the interactions between the 
dominant species were considered. The interactions 
considered are: HS -RNH;*, HS -RNH,, HCO;~-RNH;", 
HCO;°-RNH2. The interaction coefficients determined from the 
CO, and H2S solubility data are: 

0.04277 Buco, Sanu, 


Biico,-— RNH;° 0.260 


Bus- — RNH,* 0.0518 Bus- — RNH, 


20.0348 


The remaining chemical equilibrium constants and 
Henry's constants were obtained from the literature. The 
first and second ionization constants for H2S were given by 
expressions reported by Barbero et al. (1982) and Kryukov et 
al. (1974) respectively. Similar expressions for the first 
and second ionization constants of CO2 were given by 
Patterson et al. (1982) and Kent and Eisenberg (1975). The 
Henry's constants for COz and H2S were given by equations 
reported by Mason and Kao (1980) and Lee and Mather (1978). 

The predicted acid gas solubility is compared with the 
experimental values in Figures 9 and 10. The predicted 
solubility agree closely with the experimental results at 
solution loadings less than 1 mol/mol AMP. At higher 
loadings, the predicted solubility deviates significantly 


from the experimental values. 


7 Ry n 
, iY mead 
7. ae A pn 


ay a 
1 


7 ~ 
TMA. fy nit f io pate 


a or a 
ay meeviss eueats crac oa age 


+ 


ang eayvatné - sat: as 
YAU ~ oR os ae ‘ 


9OW? Sbremigial 2] ott teen anda nani 


s+ pee esite, ee Say ee 

MOT. C3Na GIA Leen, SA ere> 2’ 

taint BLAS! inoaee bea 

me (Seer) are ‘T4386 wr nae e49qe 1 Senke 
ro? Sndtegevoes Selttl® opts a hiowgaes (eter). 
Wa ‘eek aha Areose a 
nindaer et Aan Shae eae: Tee hy. be a9 sen redite 
ft baa, oo wet sagdiense Ab 

od 

| gefIaM bons eS] be (0S) gel bak) pepe Bee 
batepios as Létuiae ees bios et ieee ott 
feigy AT 10) Sot 2 eet a eae Lien arom vege 

233 Dednemiisyes eae tiid ehegets wage Geile 
sipin 14 (SMA. DART Sm. 4 naity, seek vailmmtie 

‘ne it GnGes?. aataivet pth LIGULGH find gion ods 


cee tat mancinene. 


wv 


50 


104 


Partial pressure HoS (kPa) 
Q 


0.00 0.50 1.00 1.50 2.00 2.50 


Mole ratio mol HaS/mol AMP 


Figure9 Comparison of predicted and experimental H,S solubility in 
aqueous AMP. 
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Figure10 Comparison of predicted and experimental CO, solubility in 
aqueous AMP. 
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5.3 Correlation of Solubility in Mixed AMP 

The interaction coefficients are assumed to be 
independent of solvent composition. Thus, the interaction 
coefficients for the mixed solvent system have been set 
equal to the values estimated in the correlation of the 
aqueous AMP. The solvent composition, however, has a strong 
influence on the values for the chemical equilibrium 
constants and the Henry's constants. The use of these 
constants as obtained from the literature for strictly 
aqueous systems iS inappropriate. The method of Deshmukh and 
Mather must therefore be modified to account for the solvent 
effects. 

Several methods have been proposed for estimating 
Henry's constants in mixed solvents. Generalized methods 
have been based on the solubility parameter theory 
(Hildebrand et al., 1970), the Kirkwood-Buff solution theory 
(O'Connell, 1971) and a simplified form of perturbation 
theory (Tiepel and Gubbins, 1972). O'Connell (1971) derived 
expressions for the Henry's constant by considering various 
models for the excess Gibbs free energy such as the Margules 
equation, the Wilson equation, and the Van Laar equation. 
The methods, which generally require the knowledge of the 
Henry's constants in the pure solvent and the estimation of 
various parameters, have not been applied to a chemically 
reactive solvent. Rivas estimated the Henry's constant in 
nonaqueous amine-organic sovents by an equation proposed by 


O'Connell and Prausnitz (1961). 
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geo eat (5.2) 
In Him = X9 In H40 4 X3 In H43 _ ae . 


H:2, the Henry's constant in the amine, was eStimated by a 
correlation of Prausnitz and Shair (1961). 

The methods outlined above are difficult to apply to 
the ternary AMP-water-Sulfolane system as they require the 
knowledge of the Henry's constant in the amine and various 
mixture parameters. The estimation of the Henry's constant 
has been simplifed in this study by using the experimental 
data at high solution loading where chemical reactions 
becomes less significant. As noted previously and shown in 
Figure 8, the relationship between the fugacity of the acid 
gas and the liquid molality of the free species is linear. 
An estimation of the Henry's constant in the mixed solvent 
was obtained by linear regression analysis. 

The chemical equilibrium constants will differ from 
those for the aqueous-system due to the reduction in the 
dielectric constant. The solvent effect on the chemical 
equilibrium constant has been considered only for the 


Gominant reactions: 


RNH;* = RNH, + H* C5523) 
H2S = HS- + H* (5.2) 
CO2 na H20 = HCO 37 Bo 3 Wi (5.5) 


HGOs7 -= COs a He (5.6) 
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The equilibrium constants for the dissociation of AMP 
and H2S were estimated at 40 and 100°C by a best fit of the 
experimental data for the solubility of H:S in the mixed 
solvent. Equilibrium constants for the formation of 
bicarbonate and carbonate ions were estimated ina similar 
manner from the data of CO2 solubility. The estimated values 
for the Henry's constants and chemical equilibrium constants 
are shown in Table 10. All other equilibrium constants are 
as used for the aqueous system. The predicted acid gas 
solubility is compared with the experimental values in 
Figures 11 and 12. An excellent agreement between predicted 
and experimental solubility is observed. The deviation at 
loadings greater than 1 mol/mol AMP is less that obtained 
for the a eelaien wi the solubility in the aqueous AMP 


solvent. 


5.4 Predictive Application of Solubility Model 

A knowledge of the chemical equilibrium constants and 
Henry's constants at temperatures between 40 and 100°C 
enables the solubility in this temperature range to be 
estimated. The constants were estimated by the application 


of the van't Hoff equation. 


Dlg Kae AH° 
=o ae (5.7) 


K may represent either the chemical equilibrium constant or 


the Henry's constant. If AH° is assumed to be independent of 
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Table 10 


Henry's constants and chemical equilibrium constants 


in mixed AMP at 40 and 100°C 


40°C FO02C 

HCO (MPa kg/mol) 3.92 5.98 
HHS (MPa kg/mol) 0.667 1235 
PR, By o2 hepeil 
pK 2 6.99 6.69 
pK 3 6.35 6.49 
pK, 10258 10.41 

Reactions: 

Me RNH3* = RNHe + -H” 

Ze He Sie 5=s. oS eee 

Be COz + H20 = HE sete H 

4, HCO3;” = COs tue 
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Figure 11 Comparison of predicted and experimental H.S solubility in 
mixed AMP. 
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Figure12 Comparison of predicted and experimental CO, solubility in 
mixed AMP. 
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temperature over the range of interest, Equation (5.7) may 


be integrated to yield: 


Tar so Se ee eo eres (5.3) 


By knowing K at two temperatures, I and AH° may be 
evaluated. 

The solubility of H2S at various temperatures in the 
2.0 M mixed AMP solution is shown in Figure 13. 

A second application of the model is the prediction of 
the solubility of mixtures of CO, and H2S over the amine 
solution. The effect of CO, loading on the solubility of H2S§ 
in the 2.0 M mixed AMP solution at 40°C is shown in Figure 


14. 


5.5 Discussion of Correlative Model 

The improved agreement between predicted and 
experimental results for the mixed solvent over the aqueous 
solvent at high loading is attributed to the method of the 
determination of the Henry's constant. The Henry's constants 
for the aqueous AMP solution were the literature values as 
evaluated from the experimental solubility of COz and H2S in 
pure water. It is therefore expected that these values would 
differ from the Henry's constant in a mixture of water and 
amine. Adjustment of the interaction parameters may account 
for the inaccuracy in the Henry's constant at low loading, 


but would have less influence at higher loadings of the acid 
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Figure 13 Predicted effect of temperature on solubility of HS in 
mixed AMP. 
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Figure 14 Predicted effect of CO, loading on solubility of HS in mixed 
AMP solution at 40°C. 
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gas. The inaccuracy of the Henry's constant leads to the 
Significant deviation between predicted and experimental 
values in the aqueous solvent at solution loadings greater 
than 1 mol/mol AMP. 

Solvent effects on the chemical equilibria have been 
considered only for the dominant reactions. The solvent 
composition, however, will influence all liquid phase 
reactions. For example, the dissociation constant for water 
has been measured in several organic solvents (Woolley et 
al., 1970). The influence of the solvent on the chemical 
equilibria may be best analyzed by considering the overall 


reactions between the acid gas and the amine: 


(I) HS + RNH2, = HS- + RNH;3* 25569) 


(PI) RNH 2 a CO2 cs HO = RNH 3 * t HEOSs G2727)8) 


The equilibrium constants for the overall reactions in the 


mixed and aqueous solvents are shown in Table 11. 


Table 11 


Equilibrium Constants for Overall Reactions 
in Mixed and Aqueous AMP 


40°C 10026 
mixed aqueous mixed aqueous 
Ky 84.9 439. Bes) 28.9 


Ky 374, 1468. 5.35 37.4 
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A comparison of the equilibrium constants reflects the 
inhibiting effect of the physical solvent on the reaction 
between the acid gas and the amine. 

The effect of the solvent on the chemical reactions may 
be further illustrated by examining the concentration of the 
species as a function of solution loading. The predicted 
molality of molecular H2S, HS~, S~?, and undissociated AMP 
at 40 and 100°C is plotted versus solution loading in 
Figures 15 and 16. The total AMP molality in both solvents 
is 2.24 mol/kg. The undissociated H2S and AMP are in higher 
concentration in the mixed solvent than in the aqueous 
solvent. At high loading the concentration of the 
undissociated H2S in the mixed solvent approaches the 
concentration in the aqueous solvent. 

The results of the correlation reaffirm the basic 
effects of the solvent on acid gas solubility. The 
difference in partial pressure of the acid gas above 
solutions of high loading is almost entirely due to the 
difference in the physical solubility (Henry's constants) 
between the mixed and aqueous systems. At loadings less than 
1 mol/mol AMP, the increased physical solubility in the 
mixed solvent is offset by the decreased reaction of the 


acid gas in the liquid phase. 
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Molality (moles/kg) 


-3 
10 aqueous AMP 
— —— mixed AMP 


1c-4 : 
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Mole ratio mol HoS/mol AMP 


Figure 15 Concentration of liquid phase species at 40°C as a function of 
HS loading. 
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aqueous AMP 
— —-— mixed AMP 


Molality (moles/kg) 


0.00 0.50 1.00 1.50 2.00 2.50 


Mole ratio mol HoS/mol AMP 


Figure 16 Concentration of liquid phase species at 100°C as a function of 
HS loading. 
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6. CONCLUSIONS 
The equilibrium solubility of CO2, and H2S in a mixed solvent 
of AMP, sulfolane, and water, and in a solvent of AMP and 
water, has been measured at temperatures typical of the 
absorption and regeneration stages. The amine concentration 
in both solvents was 2.0 M thus permitting an evaluation of 
the influence of the physical solvent on the solubility 
behaviour. 

The capacity for the acid gases is enhanced at high 
solution loading by the replacement of part of the water 
with sulfolane. The increase in solubility is more 
pronounced for H2S than COz. At low solution loadings, the 
solubility of the acid gas in the mixed solvent is lower 
than in the corresponding aqueous system. 

The solubility in the mixed solvent has been correlated 
by the application of a modified version of the method of 
Deshmukh and Mather. The modifications have accounted for 
the solvent effects on the physical vapour-liquid equilibria 
and on the chemical equilibria between reacting species. The 
predictions by the model are in excellent agreement with the 
experimental results. 

The results of the solubility determination and the 
correlation are rationalized in terms of the solvent effects 
on the Henry's constant and on the chemical equilibrium 
constants. The replacement of a portion of the water with 
sulfolane increases the physical solubility of the acid gas. 


This replacement also reduces the dielectric constant of the 
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mixed solvent which inhibits the reaction between the acid 
gas and the amine. The two effects have opposite influences 
on the partial pressure of the acid gas above the solution. 
At high loadings, the influence of the chemical reaction is 
negligible, and the difference in solubility is due to the 
difference in the Henry's constants. At low loadings, the 

solvent effect on the chemical reaction iS great enough to 
offset the increase in physical solubility and leads to a 


lower solubility in the mixed solvent. 
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Appendix 1. Gas Chromatograph Calibration 


The gas chromatograph was calibrated by measuring the 
area percent response of mixtures of known composition. The 
mixtures of H2S/N2 and CO2/N2 were prepared by filling an 
evacuated tared sample cylinder with the gases. The cylinder 
was reweighed to the nearest 0.1 mg after the addition of 
each gas. The mass of each gas in the cylinder was 
determined and the mole percent of the acid gas calculated. 
The cylinder, which contained several stainless steel balls, 
waS agitated and the gases allowed to mix for 4 to 5 hours. 
The cylinder contents were analyzed with the gas 
chromatograph conditions as outlined in Chapter 3. At least 
three analyses were performed for each gas mixture. 

The response factors of the acid gases relative to N, 


were determined by Equation (A1.1). 


pp = area % acid qas_ (100 - mole % acid gas) (A1.1) 
100 - area % acid gas) mole % acid gas 
The response factors varied with composition and 


increased with acid gas concentration. The results are shown 
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Table A1.1 


Variation of CO, Response Factors with Composition 


Mixture area % mole % RF 
i el ee(ete! HO253 Usa Pas) 
ae 38.47 So. | liao 
Sr 54.61 Syl) a8 hss! eto’ 
4, 16 a1 70.08 1.184 
5. 93020 2253] 1.184 

Table A1.2 


Variation of H2S Response Factors with Composition 


Mixture area % mole % RF 
he 12.41 tes a3) L.. 060 
23 22.14 2 Oe 1.064 
3% 35700 33.84 1089 
5b LORS 2 67.09 Pei20 
6% Ho. 0a 74.04 Aveudalss 
ne 84.41 81.80 1.204 
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Appendix 2 - Calculation of Solubility from Measured 
Quantities 


The calculations involved in the determination of the 
solubility of the acid gases in the solvents studied are 
outlined in the following sections. Typical values for the 
experimental quantities have been used. 


1. H2S content in liquid sample 
Data: 


volume of total sample: 100.0 cm? 

volume of aliquot sample: 10.00 cm® 

volume of 0.100 N iodine added: 20.00 cm? 

volume of 0.100 N thiosulphate required: 8.6 cm° 


moles H2S in aliquot sample = 


(20.00 mec) ».4 O31 00 
—————————— = oe OSs Oe *emoles 
254 1000 


moles H2S in total sample 


TOOR0 
ope Shee. Oke X eos = 5.70). xs 1072 moles 
NO -00 


2. COz content in liquid sample 
Data: 


volume of total sample: 100.0 cm? 

volume of aliquot sample: 20.00 cm? 

mass of NaOH solution used: 29.4455 g 

yolume Of 0.100 NeHCIs required: 15.3 cm>° 

carbonate content of NaOH solution: 2.0 X 10°* moles/g 


moles COz in aliquot sample= 
£5 a siex Oy. 1.0.0 


= WiOow ee Os “moles 
2% 1000 
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moles COz in liquid sample and hydroxide solution = 


T0020 
Took ab re x =o aoe es MOLes 
2000 


moles COz in equilibrium liquid sample 
BC. he Oma CO Ome 8) (29 4455)) = 7 0 mowes 
3. Calculation of acid gas loading in aqueous and mixed 
amine solutions 

Data 

mass of sample: 3.3811 g 

density of amine solution (23°C): .996 g/cm? 

concentration of amine solution (23°C): 1,99 moles/1l 

moles CO2z in sample: 3.77 X 10°° moles 


mass of -lean amine solution = 


3.38 198=24 3097 x 10P* 7 F€4 400) = 3.2154 g 


moles amine = 


3.2158" 21899 
——$ ____——. = 6.42 X 10°-° moles 
eOS6rK T0008 


SWI ® 40 Ue 
a = = 0.586 mol CO,/mol AMP 
624232x%) 10> 


4. Calculation of acid gas content in sulfolane 
Data: 


mass of sample: 5.1195 g 
moles COz in sample: 1.43 X 10°* moles 
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moles sulfolane in sample 
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5. Calculation of equilibrium partial pressure 
Data: 


cell pressure: 383.6 kPa 

area % COz: 8.366 % 

response factor: 1.123 

water mole.fraction (liq): 0.896 
water Sat. pressure: 7.38 kPa 


mohePttaction~COgv= 
Ga 366715 tes 
Soo) ae ore = ORO 7S 2 
62366 / tei omen NOU) 6. 306) 
water partial pressure = 


Osievehsy 6 Ils. 835) = bol kPa 


partial pressure. CO; = 


OF 07 5:21 aS OS 0 wo OL) = 28.3 kPa 
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Appendix 4 - Error Analysis 


1. Determination of acid gas loading in amine solutions 


The calculation of the solution loading outlined in 
Appendix 2 may be generalized by defining the following 


variables: 


T equilibrium temperature (K) 

V volume of reagent (cm?) 

Cy concentration of reagent (mol/1) 

D dilution factor 

B CO, background correction (mol C02) 
Ws mass of liquid sample (g) 

Gs amine concentration (mol AMP/g solution) 
Mw molecular weight of acid gas 

Mag moles of acid gas 

Ms moles of solvent 

a mole ratio (mol acid gas/mol amine) 


The solubility of the acid gases are calculated from 


the measured quantities by the following equations: 


*. VeOsaD) 
Maa i (A4o1) 
2 -1000 
Mg = (We = Mag’ Mw ) 4 Co ON AD) 
a= Mag (A4.3) 
Ms 


The uncertainty in the loading may be estimated by the 


following equations: 
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The average variation of loading with temperature is 


estimated at 0.008 K~'. The esti 
measured values are: 
AT 220 701.0> K 
AV = "0 20)cm 
AB 
AG? ="250, xX 10-*tmol/g 


ae ker ormOls CO > 


Typical values for the remaining quantities are specified: 


Ms = 0.00776 mol AMP 
Mag = 02,00576umel CoO, 
or =~ 0.1 moi 

D = 5.0 

V = 235.3 (Em 

Ws = 4.1205 g 

B =e ne x 10> mol 


0.742 mol CO./m 
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2. Determination of partial pressure 


The following variables are defined: 


total cell pressure (kPa) 
mole fraction acid gas 
partial pressure of water (kPa) 


partial pressure of acid gas (kPa) 


The partial pressure of the acid gas is given by the 


equation: 


Py) (A4.8) 


The uncertainty in the partial pressure is given by 


equations (A4.9) to (A4.12 


AP, = 


(Se Jarl + (5 Jar 


Ve 


wl + (FF) ave] 


(A4.9) 
ORPT- FS ViVa (A4.10) 
d Py 
CRE ee 5 (A4.11) 
One 
gale a ie tee CAM oy) 
d Ya 


The estimated individual uncertainties are: 


AP, 


APy 


AYa 
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The error in partial pressure at 100°C is calculated for 
several experimental points uSing the above uncertainties 


and equations (A4.9 to A4.12). 


Pt Pw ya Pa APa % APa 
(kPa) (kPa) (kPa) (kPa) 
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2000. 92. .960 les0ne 164.3 “ez 
800. 92. .700 495, 4.2 .85 
250. 92. . 100 25.0 92 sae 


B50. 924 4020 Dn 1s OG ks 


es) peastystes ei ree 


we 


wt: inisdseone! bvede ate 


a y 
q ot & 
ra ic aa 


a. 5 See 


O 
a 
a 

‘ 


Appendix 5 


Thermodynamic Framework 


Reactions: 

1. RNH3t+ = RNHp + Ht 

2. 2RNH> + COp =  RNH3t + RNHCOO- 
3. HoS = HS- + Ht 

4, HS- = S-2 + H+ 


5. C02 + H20 = HC03- + Ht 
6. HCO3- = C0372 + Ht 


7. Ho0 = Ht + OH- 


Chemical equilibrium expressions 


K) = @RNHp * 4Ht 
ARNH3t 
K2 =  @RNH3t ° @RNHCOO- 
2 e 
@RNHo 4C0> 
K3. = 9 4HS~ + ays 
AHS 
Ka = as72* aH 
aHs- 
K5 = = aHCO3- ° aHt 
@C0> ° 4H» 
Kg = 8C03-2 -" faus 
4HC037- 
K7 = aH+ e aoH- 


(A5. 1) 


(A5. 2) 


(A5.3) 


(A5. 4) 


(A5.5) 


(A5.6) 


(A5.7) 
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Activities are given for any species i, except water, by: 

a, = m7, (A 5.8) 
lim Y, a 
2m; —> 0 


where j represents any solute component. For water, the activity is 
defined as: 


Shay SSO 
Vapour - liquid equilibrium expressions: 
fe Vv: 
by, P =. 7 Him ets => OP (A 5.10) 
P Sw gp 
@w yw P = Ww Xw PS, oy lps RT (ApS oul) 


The Poynting correction term may be approximated by: 


iy cS 

ee (Pi = P=) 

RT Mad 
e 


At the conditions of interest the vapour-liquid equilibrium expression 


for water may be simplified to: 


Conservation equations 
De eee URN sea MOHGEs a WHEOS Ses HS=) oroMRNHEO0s 
+2(ms-2 + mco37*) (A 5.12) 


Mtotal amine = M™RNH3+ + MRNHCOO- + MRNH» (A 5.13) 
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Mtotal C09 * 
Mtotal HoS = 


YHoS * YCO9 
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mys- + ms~2 + myys 
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(A 5.14) 


(A 5.15) 


(A 5.16) 
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Appendix 6 - Solubility Model Predictions 


O1 


a CO2 
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Predicted Partial Pressure (kPa) 


Table A6é.1 


Of) COS. in 


Aqueous and Mixed AMP Solutions at 40 and 100°C 


Aqueous 
AMP 
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Mixed 
AMP 
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Aqueous 
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Table A6.2 


Predicted Partial Pressure (kPa) of H2S in 
Aqueous and Mixed AMP Solutions at 40 and 100°C 


Aqueous 
AMP 
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AMP 
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Predicted HS Partial Pressure (kPa) 


as a Function of H2S and CO2z Loading 


Table A6é.3 


2.0 M Mixed AMP at 40°C 
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Table A6.4 


Predicted Effect of Temperature on the Solubility 


of H.-S in 2.0 M Mixed AMP Solution 
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Table A6.5 


Molality of Liquid Phase Species in 
2.236 molal Mixed AMP at 40°C 
as a Function of H2S Loading 
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Table A6.6 


Molality of Liquid Phase Species in 
2.236 molal Aqueous AMP at 40°C 
as a Function of H2S Loading 


a H2S Molality 
(mol/mol AMP) (moles/kg) 
H2S roe SS AMP 
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Table A6.7 


Molality of Liquid Phase Species in 
2.236 molal Mixed AMP at 100°C 
as a Function of H2S Loading 
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Table A6.8 


Molality of Liquid Phase Species in 
2.236 molal Aqueous AMP at 100°C 
as a Function of H2S Loading 


a H2S Molality 
(mol/mol AMP) (moles/kg) 
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Table A6.9 


2.236 molal Mixed AMP at 40°C 
as a Function of CO, Loading 
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Table AG. 10 


Molality of Liquid Phase Species in 
2.236 molal Aqueous AMP at 40°C 
as a Function of CO; Loading 


a CO; Molality 
(mol/mol AMP) (moles/kg) 
CO2 HCO 37 Chole ies AMP 
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Table A6.11 


Molality of Liquid Phase Species in 
2.236 molal Mixed AMP at 100°C 
as a Function of CO2 Loading 


a CO2 Molality 
(mol/mol AMP) (moles/kg) 
CO2 HCO37 COn AMP 
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Table A6.12 


Molality of Liquid Phase Species in 
2.236 molal Aqueous AMP at 100°C 
aS a Function of CO,z Loading 


a CO; Molality 
(mol/mol AMP) (moles/kg) 
CO2z HCO37 COs: AMP 
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